Erythropoietin (Epo), a hormone known to stimulate bone marrow erythrocyte production, is widely used to treat anemia in patients at risk for vascular disease. However, the effects of Epo on angiogenesis are not well defined. We studied the role of Epo in a mouse model of retinopathy characterized by oxygen-induced vascular loss followed by hypoxia-induced pathological neovascularization. Without treatment, local retinal Epo levels were suppressed during the vessel loss phase. Administration of exogenous Epo prevented both vessel dropout and subsequent hypoxia-induced neovascularization. Early use of Epo also protected against hypoxia-induced retinal neuron apoptosis. In contrast, retinal Epo mRNA levels were highly elevated during the retinopathy neovascular phase. Exogenous late Epo treatment did not protect the retina, but rather enhanced pathological neovascularization. Epo's early protective effect occurred through both systemic retinal recruitment of proangiogenic bone marrow-derived progenitor cells and activation of prosurvival NF-kB via Epo receptor activation on retinal vessels and neurons. Thus early retinal Epo suppression contributed to retinal vascular instability, and elevated Epo levels during the proliferation stage contributed to neovascularization and disease. Understanding the role of Epo in angiogenesis is critical to timing its intervention in patients with retinopathy or other diseases in which pathological angiogenesis plays a significant role.
Introduction
Oxygen-regulated growth factors play critical roles in regulating retinal angiogenesis in both development and disease (1) . Erythropoietin (Epo), a hormone known to stimulate erythrocyte production in bone marrow, is such an oxygen-regulated pleiotropic growth factor (2) . Epo is produced primarily in the kidney in response to anemia and hypoxia. Effects of local Epo production are not as well defined. Recombinant Epo is now widely used for treatment of anemia in patients with chronic kidney failure and cancer patients with chemotherapy-induced bone marrow suppression, as well as anemic patients who often have concurrent or are at risk for diabetic retinopathy (DR) and retinopathy of prematurity (ROP). Elevated levels of Epo are found in the vitreous samples of patients with proliferative DR (3, 4) , suggesting a role of Epo in pathological retinal angiogenesis. However, the role of Epo in normal vascular stability is largely unknown. In addition, higher doses of Epo have recently been associated with increased risk of cardiovascular disease and tumor growth (5) (6) (7) (8) . Understanding the effect of Epo on vessel stability and angiogenesis is likely to benefit not only retinopathy patients but also patients with diseases such as cancer that are dependent on angiogenesis who are also often treated with Epo.
DR and ROP are blinding diseases with a hallmark of abnormal and excessive blood vessel growth that can cause retinal detachment. Paradoxically, it is early vessel loss in ROP and DR (and loss of neural retina) that initiates retinopathy. In ROP, supplemental oxygen and lack of growth factors cause vessel loss. In DR, hyperglycemia triggers vascular dropout. An inadequate blood supply resulting from early vessel loss causes tissue hypoxia, which determines the severity of subsequent pathological vessel growth.
Therefore a major goal of retinopathy treatment is to prevent vessel loss in order to prevent the devastating end stage of the disease. These interventions might promote normal vessel growth as well as inhibit pathological neovascularization. In this study we determined the effects of Epo on vessel loss, normal physiological vessel growth, as well as pathological angiogenesis by examining oxygeninduced retinopathy in the mouse eye (9) .
Some evidence suggests that the role of Epo extends beyond erythrogenesis. The influence of Epo on angiogenesis and retinopathy is beginning to be defined. Epo has been found to promote endothelial cell proliferation and vessel growth (10) . Epo is also a powerful cytoprotective factor that can protect both vascular cells and neurons from apoptosis (11) . In the eye, Epo levels are elevated in the vitreous of patients with proliferative DR (3, 4) , and inhibiting Epo in the proliferative phase in the mouse model of retinopathy can inhibit retinal neovascularization (4). However, since retinal vessel loss precedes neovascularization, and the severity of neovascularization is largely determined by the extent of initial vessel loss, understanding the role of Epo in the development of initial vessel loss in retinopathy is important. Studies focusing on this initial phase of the disease have been lacking. Anemia with functional Epo deficiency has been associated with an increased risk of developing retinopathy, and correction of anemia improves the risk (12, 13) . Therefore we hypothesized that lack of Epo, a potent cytoprotective factor, may contribute to the initial vessel loss in retinopathy. If proven to be true, correction of Epo deficiency during the early phase of retinopathy could be of benefit to prevent the initial vessel loss and thereby prevent the devastating proliferative stage of the disease, whereas the use of Epo when tissue levels of Epo are high may exacerbate proliferation of vessels.
PCR. Compared with age-matched normoxia controls, retinal
Epo mRNA expression was greatly suppressed (9.9-fold at P8 and 2.8-fold at P12; Figure 1A ) during hyperoxia treatment (P7-P12), when oxygen-induced retinal vessel loss occurs. After returning to room air, hypoxia induces retinal neovascularization (P12-P17). During the hypoxic phase, Epo mRNA was increased dramatically (33.2-fold at P15 and 11.5-fold at P17) compared with controls ( Figure 1A ). These data suggest that lack of Epo in the first phase might contribute to early vessel loss and the onset of retinopathy, while the increase of Epo in the second phase might play a role in neovascularization.
Early use of exogenous Epo prevents retinal vessel loss. We next examined whether exogenous Epo treatment during hyperoxia-induced vaso-obliteration (when retinal Epo levels are suppressed) helps to prevent retinal vessel loss. At P8, mice treated with Epo (i.p., P6 and P7, 5,000 U/kg) had a vaso-obliterated/total retinal area of 26.0% ± 0.7% compared with 32.4% ± 0.5% in saline-injected littermate controls (P ≤ 0.001; Figure 1 , B and C), suggesting Epo treatment had a dose-dependent protective effect (1,000 U/kg, 29.2% ± 0.8%, P ≤ 0.001; 2,500 U/kg, 28.9% ± 1.4%, P ≤ 0.01; 5,000 U/kg, 26.0% ± 0.7%, P ≤ 0.001; Figure 1C ). These data demonstrate that correcting retinal Epo deficiency during the first phase of retinopathy with exogenous Epo protects the postnatal mouse retina from hyperoxia-induced vaso-obliteration.
Early use of Epo prevents pathological retinal angiogenesis. Given that exogenous Epo protected against hyperoxia-induced vessel loss, we next explored whether early treatment with Epo to preserve vessels would thereby prevent pathological angiogenesis in the second phase of retinopathy. At P17, mice treated early with exogenous Epo during the vessel loss phase (5,000 U/kg i.p., P6, P8, P10, and P12) had a vaso-obliterated/total retinal area of 3.2% ± 0.4% compared with 6.4% ± 0.7% in saline-injected controls (P ≤ 0.001; Figure  2 , A and B), an approximately 50% reduction in nonvascularized retina. Moreover, P17 pups treated with Epo early were significantly protected from pathologic neovascularization (5.1% ± 0.7%) compared with PBS control (7.2% ± 0.7%; P ≤ 0.02; Figure 2 , A and C), an approximately 30% suppression. In contrast, i.p. injection of the same dose of Epo after return to room air during the neovascular phase (P14, P15, and P16), when endogenous retinal Epo expression is elevated ( Figure 1A ), did not decrease the area of avascular retina (Epo 7.6% ± 1.2% compared with PBS 6.3% ± 0.8%, NS; Figure  2 , D and E) or protect against neovascularization (Epo 7.9% ± 1.4% versus PBS 7.2% ± 1.0%, NS; Figure 2 , D and F). Our data suggest that exogenous Epo treatment during the first phase of retinopathy protects the retina from vessel loss and pathological proliferation, whereas using Epo during the second phase is not protective, with a trend toward worsening retinopathy.
Epo protects retinal neurons from apoptosis. In addition to the protection of the retinal vasculature, we also examined the protective effect of Epo on retinal neurons during hyperoxia-induced vessel loss. Epo protects retinal neurons from light-induced or ischemic injury (14) (15) (16) . In our study, at P17 after induction of oxygeninduced retinopathy, retinal cross-sections from mice treated with Epo (5,000 U/kg i.p., P6, P8, P10, and P12) had significantly less neuronal apoptosis (as shown with TUNEL staining) compared with PBS controls (P ≤ 0.05) (Figure 3, A and B) . The same dose of Epo also inhibited caspase-3/-7 activity by approximately 20% in retinal homogenates from P17 mice ( Figure 3C ), suggesting that Epo prevents retinal neuronal apoptosis through inhibition of caspase, a proapoptotic enzyme. These data indicate that early exogenous Epo treatment is beneficial not only for retinal vessel survival but also for retinal neuron survival. This may be attributable in part to improved vascular stability and normalization and consequently less retinal ischemia between P12-P17.
Epo increases retinal survival and stability through activation of Epo receptors via NF-κB. Epo's effect on retinal vasculature is likely to be multifactorial, acting both locally by preventing apoptosis of retinal vessels and neurons and systemically by mobilizing bone marrow-derived cells to populate injured retinal vessels. We first exam-
Figure 1
Epo treatment prevents oxygen-induced retinal vessel loss in a dosedependent manner. (A) Real-time PCR quantification of Epo mRNA expression in age-matched mouse retinas under normoxia or hyperoxia treatment; copy number of Epo mRNA/10 6 copies of cyclophilin A control mRNA at P8, P12, P15, and P17 (n = 6 per group). (B) Representative retinal whole-mounts showing area of vaso-obliteration after 18 h of oxygen exposure and i.p. injection (P6 and P7) of Epo (right) or saline control (left). Original magnification, ×5. (C) Dose response of Epo protection against retinal vaso-obliteration at P8 (with i.p. injections at P6 and P7) (saline, n = 40; Epo 1,000 U/kg, n = 12; 2,500 U/kg, n = 7; 5,000 U/kg, n = 16) **P ≤ 0.01; ***P ≤ 0.001.
ined whether Epo receptors were present in the retina. Epo can activate the Epo receptor as well as a newly discovered β-common receptor, which is also a coreceptor for colony-stimulating factor. These 2 Epo receptors can form a heterotrimer to signal through several signal transduction cascades to inhibit apoptosis (17) . We found that Epo localizes primarily to the inner retina in normal P8 mice and colocalizes with retinal vessels ( Figure 4A ), suggesting that Epo is an endogenous cytoprotective factor. Epo receptor also colocalizes with retinal vessels in P8 retina and is located predominantly in the inner retina (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/ JCI33813DS1). Previous studies examining Epo receptor localization in the retina have been contradictory. Localization has been reported in the ganglion cell layer (16) and in the photoreceptors (14) . This inconsistency might partially reflect the finding that Epo receptor antibodies are unreliable for immunohistochemistry (18) . To overcome antibody nonspecificity, we used laser capture microdissection of retinal layers and vessels with quantitative realtime RT-PCR to localize mRNA expression of Epo and Epo receptors in the retina ( Figure 4B ). Pecam expression is highly elevated in microdissected vessel cells, confirming enrichment of vessels ( Figure 4C ). Epo mRNA is expressed most abundantly in the ganglion cell layer. This pattern is similar to Vegf mRNA expression in the retina (19) . Epo receptor is expressed throughout the retina
Figure 2
Early use of Epo protects against retinopathy with reduction in vaso-obliteration and neovascularization; in contrast, late use of Epo is not protective. Retinas were whole-mounted at P17 after oxygen-induced retinopathy, showing both vaso-obliteration (VO) and neovascularization (NV). (A) Representative retina whole-mount with PBS control (left) or early Epo injections (right) (i.p., 5,000 U/kg, P6, P8, P10, and P12). Areas of vaso-obliteration (yellow) and neovascularization (red) were quantified. Original magnification, ×5. in all retinal layers including vessels, whereas β-common receptor is expressed most abundantly in ganglion cell layer. These results indicate that Epo might act locally on neurons and vessels through Epo receptors to promote survival. In addition, Epo's protective effect is independent of Vegf, since Epo injections (i.p. P6 and P7) did not change mRNA expressions of Vegf and Vegf receptors (Flt-1, Flk-1, and Nrp1) or hypoxia-inducible factors (Hif1a and Hif2a) in the retinas of P8 mice ( Figure 4D ), consistent with the results from a previous study showing that Epo and Vegf levels in human vitreous are independent (4). The tissue-protective effect of Epo is mediated predominately through NF-κB (17) . Using NF-κB-Luc reporter mice (20) , we found that NF-κB activity was increased approximately 35% (P ≤ 0.05) in the retinas of Epo-treated (i.p., P6 and P7, 5,000 U/kg) versus control mice ( Figure 4E ), and NF-κB was found in all retinal layers ( Figure 4F ), suggesting that Epo might protect retinal vessels and neurons locally through activation of Epo receptors and modulation of NF-κB.
Epo increases the number of proangiogenic stem cells in retina. In addition to its local effect, exogenous Epo might also act systemically by recruiting bone marrow-derived proangiogenic cells to vessels, since Epo has been reported to increase mobilization of endothelial progenitor cells (EPCs) from bone marrow (21) . We found that Epo treatment (5,000 U/kg, i.p. P6 and P7) increases the number of CD34 + EPCs per vessel length by approximately 80% (P ≤ 0.001; Figure 5 , A and B) in the retinas of P8 mice exposed to oxygen. The same dose of Epo also increases the number of Csf-1R + microglia in the retina by approximately 30% (P ≤ 0.005; Figure 5 , C and D). Both EPCs (22, 23) and microglia (24, 25) are important in the repair of injured retinal vasculature. These results suggest that in addition to acting locally through Epo receptors in the retina, Epo can also promote retinal vascular repair by recruiting bone marrow-derived proangiogenic cells to the retina.
Discussion
Although retinal Epo is known to be elevated during proliferative retinopathy, and suppression of Epo suppresses neovascularization (4), the role of Epo in the initial process of vessel loss during retinopathy development has not been described. Using exogenous Epo treatment, this study has distinguished the contributions of Epo to each phase of retinopathy in the neonatal mouse and suggests that timing of Epo intervention is critical. Specifically, we found that Epo deficiency in the first phase of retinopathy can contribute to the development of retinopathy, and early Epo supplementation to compensate for the deficiency during the first phase of retinopathy promotes vascular and neuronal survival. Treating with Epo early, prior to, or during vascular loss helps prevent the vessel loss and ischemia, thereby suppressing subsequent retinal neovascularization. Early use of Epo also protects retinal neurons from hypoxia-induced apoptosis, which is consistent with previous studies that have found that Epo can protect retinal ganglion cells and photoreceptors from ischemia or light-induced degeneration (14) (15) (16) . These findings suggest the important possibility of treating retinopathy patients early with Epo in order to prevent retinal ischemia without provoking neovascularization.
In contrast, late Epo treatment during the neovascularization phase of retinopathy does not protect retinal vasculature, but instead might exacerbate pathological proliferation. Late-phase proliferative DR and ROP are characterized by abnormal blood
Figure 3
Early Epo treatment protects retinal neurons from hypoxia-induced apoptosis. (A) TUNEL (green) and DAPI (red) staining of retinal cross-sections from P17 normoxia mice and oxygen-treated mice with early Epo injection (i.p., 5,000 U/kg, at P6, P8, P10, and P12) or PBS control. A portion of the image from P17 oxygen-treated PBS control retina was enlarged (white frame) in lower panels. Original magnification, ×40. (B) Quantification of the fluorescence intensity of TUNEL stain in P17 normoxia mice and P17 hypoxia mice with Epo treatment or PBS control (n = 3 per group; *P ≤ 0.05). (C) Caspase-3/-7 activity in retinal homogenate isolated from P17 normoxia mice and P17 hypoxia mice with Epo treatment or PBS control (n = 6 per group; ***P ≤ 0.001).
vessel growth in the retina. These leaky vessels can lead to tractional retinal detachment and blindness. In this neovascularization phase, Epo is already elevated, contributing to the pathological retinal angiogenesis. Administrating recombinant Epo to these patients might further precipitate vessel proliferation.
It is likely that Epo protects retinal vessels and neurons through both local and systemic mechanisms. Epo is important for normal vascular development, since depletion of Epo and Epo receptor leads to angiogenic defects and an embryonic lethal phenotype (26) . Epo is expressed in the retina suggesting that it is an endogenous retinal survival factor. Epo/Epo receptor systems can increase endothelial cell proliferation and protect vasculature against ischemia and apoptosis (27, 28) . Epo receptors are present in both retinal vessels and neurons. Therefore they may be activated locally to promote retinal cell survival. Consistent with the cytoprotective effect of Epo through crosstalk of Jak2 and NF-κB signaling (29), we found that exogenous Epo increases the activity of NF-κB, suggesting that Epo might activate local Epo receptors and NF-κB signaling, which then initiate antiapoptotic response locally in the retina.
Epo can also stimulate mobilization of bone marrow-derived stem cells into the circulation to promote neonatal neovascularization (21, 30) . Our study found that Epo can stimulate recruitment of bone marrow EPCs into the retina, which have been shown to differentiate into endothelial cells and revascularize injured retinal vasculature (22, 23) . Epo can also increase the number of proangiogenic microglia/macrophages in the retina, which is crucial to retinal vascular growth and repair (24, 25) . These observations suggest a systemic impact of Epo intervention and might help partially explain the adverse cardiovascular effect of Epo intervention if used during a period when the angiogenic response has already started.
Although Epo and Vegf exhibit similar angiogenic potential (31) , Epo production appears to be independent of Vegf (4). Our study also indicates that exogenous Epo does not change Vegf or Vegf receptor expression, suggesting that Epo may be additive to anti-VEGF therapy. In summary, these results suggest that caution must be exercised when prescribing Epo to patients with proliferative retinopathy. The current findings encourage screening diabetic and premature patients for retinopathy and prescribing Epo only before the proliferative stage develops. The effect of Epo on angiogenesis is likely to be important not only for retinopathy but for other pathologies as well. Higher doses of Epo have been linked with increased risk of cardiovascular disease and tumor growth (5) (6) (7) (8) . Without careful dosing and timing, Epo treatment might exacerbate pathological angiogenesis.
Methods
Animals. These studies adhered to the Association for Research in Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the Children's Hospital Boston Animal Care and Use Committee. Unless otherwise indicated, 129S6/SvEv mice (129SVE; Taconic) were used for the study. The NF-κB-Luc reporter mice (stock no. 006100; JAX) were made using the pBIIX-luciferase targeting construct with 2 copies of the NF-κB binding sites from the κ-light chain intronic enhancer in front of a minimal fos promoter, as described previously (20) .
O2-induced retinopathy (vessel loss and pathological neovascularization).
To induce vessel loss, mice with their nursing mother were exposed to 75% oxygen from P7 to P12 (9). Retinal vessel loss was assessed at P8, 18 h after oxygen exposure, when the vessel loss is greatest. Retinal neovascularization was evaluated at P17, 5 days after return to room air, when the neovascular response is greatest.
FITC-dextran perfusion and retina flat mount. P8 mice were anesthetized with Avertin (Sigma-Aldrich) and sacrificed by intracardiac perfusion with 4% paraformaldehyde and FITC-dextran (molecular weight 2 × 10 6 ) in PBS (9) . Eyes were enucleated and fixed in 4% paraformaldehyde for 1 h at room temperature. The retinas were dissected and whole-mounted onto Superfrost/Plus microscope slides (catalog no. 12-550-15; Fisher Scientific) with the photoreceptor side down and imbedded in SlowFade Antifade reagent (catalog no. S2828; Invitrogen).
Retina neovascularization after oxygen-induced vessel loss. At P17, mice were given lethal doses of Avertin, and eyes were fixed in 4% paraformaldehyde for 1 h. Retinas were isolated and stained overnight at 23°C with fluoresceinated Griffonia Bandeiraea Simplicifolia Isolectin B4 (Alexa Fluor 488-conjugated I21411 or Alexa Fluor 594-conjugated I21413; Molecular Probes; 1:100 dilution) in 1 mM CaCl2 in PBS. Following 2 h of washes, retinas were whole-mounted.
Quantification of vaso-obliteration and retinal neovascularization. Quantification of vaso-obliteration and neovascularization were carried out as described previously (32, 33) . Images of each of the 4 quadrants of wholemounted retina were taken at ×5 magnification on a Leica SP2 confocal microscope and imported into Adobe Photoshop. Retinal segments were merged to produce an image of the entire retina. Vaso-obliteration and neovascular tuft formation were quantified by comparing the number of pixels in the affected areas with the total number of pixels in the retina. Percentages of vaso-obliteration and neovascularization from mouse retinas were compared with values for retinas from age-matched control mice with identical oxygen conditions. Evaluation was done blind to the identity of the sample. n is number of eyes quantified.
Recombinant Epo injection. For evaluation of vessel loss, at P6 and P7, varying doses (1,000 U/kg, 2,500 U/kg, and 5,000 U/kg) of Epo (Epoetin alfa) in 20 μl PBS were injected i.p. Control PBS was injected into littermates. After 18 h O2 exposure, eyes from P8 mice were perfused with FITC-dextran, and retinas were dissected and whole-mounted for analysis of vessel loss. For analysis of neovascularization, Epo (5,000 U/kg) was injected i.p. either prior to or during oxygen treatment (at P6, P8, P10, and P12) or after returning to room air (at P14, P15, and P16). Retinal neovascularization was analyzed on lectin-stained P17 retinal flat mounts.
RNA isolation and cDNA preparation. Total RNA was extracted using an RNeasy kit (QIAGEN) from the retinas of 1 mouse from each of 6 litters and then pooled to reduce biologic variability. Retinas from each time point were lysed in guanidinium isothiocyanate lysis buffer following the manufacturer's instructions, and RNA was suspended in diethyl pyrocarbonate-treated H2O. To generate cDNA, 1 μg total RNA was treated with DNase I (Ambion Inc.) to remove any contaminating genomic DNA. The DNase-treated RNA (100 ng) was then converted into cDNA using murine leukemia virus reverse transcriptase (Invitrogen). All cDNA samples were aliquoted and stored at -80°C.
Quantitative real-time PCR analysis of gene expression. PCR primers targeting Epo, Epo receptor, β-common receptor, Pecam, and an unchanging control gene, cyclophilin A, were designed using Primer Express software (Applied BioSystems). We used 3 methods to analyze primer and probe sequences for specificity of gene detection. First, only primer and probe sequences that specifically detected the sequence of choice, as determined by means of the NCBI Blast module, were used. Second, amplicons generated during the PCR reaction were analyzed using the first derivative primer melting curve software supplied by Applied BioSystems. This analysis determined the presence of amplicons on the basis of their specific melting point temperatures. Third, amplicons generated during the PCR reaction were gel purified and sequenced (by the Children's Hospital Boston Core Sequencing Facility) to confirm the selection of the desired sequence. Quantitative analysis of gene expression was generated using an ABI Prism 7700 Sequence Detection System (TaqMan) and the SYBR Green Master mix kit. Standard curves for each gene were plotted with quantified cDNA template during each real-time PCR reaction. Each target gene mRNA copy number was then normalized to 10 6 copies of cyclophilin A control.
Epo mRNA expression during oxygen-induced retinopathy. Retinas were isolated at P8, P12, P15, and P17 (n = 6 per time point) from hyperoxia and normoxia control C57BL/6 mice. Retinas were combined, and RNA was isolated and converted to cDNA. Epo mRNA expression was compared with cyclophilin expression after quantitative RT-PCR.
TUNEL staining. Epo-treated (i.p. 5,000 U/kg body weight, P6, P8, P10, and P12) or control P17 mice were anesthetized, and eyes were enucleated and fixed in 4% paraformaldehyde (1 h). Tissue was then cryoprotected in 30% sucrose overnight, embedded in OCT (Fisher Scientific Co.), and sectioned with a cryostat at 14 μm. Sequential vertical sections cut through the center of the eye were labeled by TUNEL with Roche in situ cell death detection kit (catalog no. 11684795910; Roche Applied Science) followed by DAPI staining (catalog no. H1200; Vector Laboratory). DAPI staining was displayed with a red LUT to better visualize colocalization with TUNEL staining (green fluorescence). Retinas were examined using fluorescence microscope, and TUNEL-positive fluorescent intensity was scored.
Caspase activity assay. Epo-treated (i.p. 5,000 U/kg body weight, P6, P8, P10, and P12) or control P17 mice were anesthetized, and retinas were isolated and homogenized in Glow Lysis Buffer (catalog no. E2661; Promega).
Retinal homogenate (50 μg) was analyzed for caspase-3/-7 activity using Promega Caspase-Glo 3/7 Assay system (G8091; Promega).
Immunohistochemical staining. Eyes fixed in 4% paraformaldehyde and frozen in OCT were cut into 14-μm sections, rinsed with PBS, and then blocked in PBS with 0.5% Triton X-100 and 5% goat serum. The sections were stained with primary antibodies against Epo and Epo receptor (Santa Cruz Biotechnology Inc.), followed by anti-rabbit secondary antibodies (Alexa Fluor 594; Molecular Probes) and thereafter FITC-conjugated Griffonia Bandeiraea Simplicifolia Isolectin B4. For whole-mount immunohistochemical staining, retinas fixed in 4% paraformaldehyde for 1 h were rinsed in PBS, permeabilized overnight at 4°C with 0.5% Triton X-100 (catalog no. T-8787; Sigma-Aldrich) in PBS, and stained with Isolectin B4, as described above. Retinal whole-mounts were prepared as described previously and visualized with a Leica SP2 confocal microscope. Retinal microglia/macrophages were visualized in retinas from mice with Csf1r-driven GFP (stock no. 005070; JAX). Fluorescence was enhanced with rabbit antibodies against GFP (catalog no. A11122; Invitrogen) and FITClabeled secondary antibodies (catalog no. F6005; Sigma-Aldrich). Microglia density was quantified by collecting confocal images of the superficial central retina using a ×20 objective lens, including a quadrant of the optic nerve head as a point of reference. For visualization of retinal EPCs, retinas were dissected after PBS perfusion to remove circulating blood cells, and CD34-FITC antibodies (Miltenyi Biotechnology) were used according to the manufacturer's recommendations. EPC density was quantified by collecting confocal images of the superficial retina in the center of each retina quadrant using a ×20 objective lens. Mean number of EPCs was normalized against vessel length measured with Northern Eclipse software (Empix Imaging), and the results were reported as fold change compared with fold change of controls. Evaluation was done blind to the identity of the sample, and resulting values from each image were averaged. n is the number of eyes quantified.
Laser capture microdissection of retinal layers. Eyes were embedded in OCT immediately following enucleation, cut into 8-μm sections, and collected on plain, uncharged, RNase-free slides. Sections were stained with isolectin, counterstained with H&E, and dehydrated with 50%, 70%, 95%, and 100% ethanol and xylene. Four retinal layers (vessel layer, ganglion cell layer, inner nuclear layer, and outer nuclear layer) were microdissected with an Arcturus PixCell IIe LCM System. RNA was extracted from microdissected tissues with a Picopure RNA isolation kit (Molecular Devices), and real-time PCR was performed.
NF-κB activity analysis. NF-κB-Luc reporter mouse littermates were given PBS or Epo treatment (i.p. 5,000 U/kg body weight) on P6 and P7. After 18 h oxygen exposure, P8 pups were sacrificed and retinas were isolated and homogenized in Glow Lysis Buffer (catalog no. E2661; Promega). Retinal homogenate (50 μg) was analyzed for luciferase activity using Promega Bright-Glo Luciferase Assay system (catalog no. E2610). Additionally, retinal cross-section of NF-κB-Luc reporter mouse were taken at P8 and stained with rabbit antibodies to luciferase (catalog no. ab21176; Abcam).
Statistics. Results are presented as mean ± SEM for animal studies and mean ± SD for the non-animal studies. ANOVA with α = 0.05 was used for processing the data. A 2-sample t test was used as a post test unless otherwise indicated.
